INTRODUCTION
Geophysical data indicate that the Junee -Narromine Volcanic Belt (Figure 1 ) is the root section of the now disrupted Ordovician Macquarie Arc in central-western New South Wales (Direen et al. 2001) . Large areas of the Junee -Narromine Volcanic Belt are buried beneath cover up to several hundred metres thick, with the only exposed section being the central part from Parkes, through the Forbes region, to the Gidginbung -Temora area (Lyons & Wallace 1999; Raymond & Sherwin 1999; Simpson et al. 2005; Crawford et al. 2007; Glen et al. 2007c) . Much of the northern and southern extremities of this belt in New South Wales are unexposed, and are only known from exploration drilling in the Cowal and Fairholme (southern) and Narromine (northern) Igneous Complexes (Figure 1) .
In this paper, we document the petrology, geochemistry and age relationships of Ordovician Macquarie Arc rocks, based on (petrographically determined) least-altered rocks sampled in drillcore from these unexposed complexes, and compare them with betterknown sections of the Junee -Narromine Volcanic Belt to contribute to a more comprehensive knowledge of the tectono-magmatic development of both this belt, and the Macquarie Arc. Figure 2 gives a summary of key magmatic units and their ages in the three major igneous complexes that make up this study, namely the Narromine, Cowal and Fairholme Igneous Complexes.
NARROMINE IGNEOUS COMPLEX
Outcrop of the Junee -Narromine Volcanic Belt diminishes northwards from Peak Hill towards Narromine (Sherwin 1996) , and the magnetically well-defined northern part of this belt occurs entirely in the subsurface (Figure 1 ). The first major magnetic high in the Junee -Narromine Belt north of Peak Hill marks the 12 6 16 km Narromine Igneous Complex. This complex is buried beneath *30 -100 m of Great Artesian Basin sedimentary rocks.
Around 150 samples were examined in thin-section, and 52 freshest representative samples were analysed for this study of the Narromine Igneous Complex. Samples were sourced from *150 drillholes (mainly auger core with diamond tails) from a systematic grid-drilling program by Goldfields Exploration and Resolute Ltd aimed at groundtruthing a geophysical interpretation based on gravity and aeromagnetic surveys. Available data show that the Narromine Igneous Complex (Figure 3 ) consists of probable Ordovician basaltic and andesitic volcanics and volcaniclastic sedimentary rocks that were intruded by large plutons that vary from gabbro or monzogabbro to quartz (monzo)diorite compositions, and a later porphyritic intrusive dacite -granodiorite suite. Interpretation of available gravity and magnetic data (Glen et al. 2007d) indicates that the complex is transected by north-northwest-striking major faults (Figure 3 ). Interpreted Devonian sedimentary rocks border the eastern margin of the Narromine Igneous Complex, whereas Ordovician -Silurian sedimentary rocks occur along its western margins, separated from the Ordovician rocks by a near-vertical fault (Glen et al. 2007d) . Most studied intrusive rocks were sampled from drillholes between 641500N and 642000N, centred on a major intrusive complex over an across-strike distance of *15 km in the central part of the magnetic high ( Figure 3 ).
Volcanic and volcaniclastic rocks
Andesitic lavas, lava breccias and volcanic conglomerates are common in the drillholes around the northern margins of the Narromine Igneous Complex, and also along its southwestern margin (Figure 3) . In drillhole NACD20, plagioclase phenocryst-rich volcanic sandstones and conglomerates are intruded by dykes and sills of holocrystalline andesite to microdiorite. Most clasts (to several centimetres long) in the conglomerates are formerly glassy, sparsely plagioclase-phyric, trachytic-textured lavas. In drillhole NACD137, volcanic clasts and small, medium-grained holocrystalline diorite/ monzonitic clasts occur in a conglomerate, attesting to the unroofing and erosion of Early Ordovician(?) intrusive rocks regionally prior to intrusion of the main Narromine Igneous Complex intrusives. Volcanic/volcaniclastic rocks and andesitic/dioritic dykes show midgreenschist facies assemblages, with abundant epidote.
Andesitic lavas with good textural preservation are present in six drillholes (NACD24, NACD28, NACD31, NACD35, NACD38 and NACD49) and are mainly moderately plagioclase þ augite-phyric. In a number of drillholes from the northern part of the complex, limited sample size and quality, and ambiguous textures in thin-section, made it impossible to determine whether some andesites are dykes emplaced at shallow crustal levels, or relatively thick lava flows.
Five samples of Narromine Igneous Complex lavas and dykes were analysed for major and trace elements (Table 1: see Appendix 1 for details of rock types analysed), two of these also for rare-earth elements (REE). Due to the small sample base, we have deliberately restricted this study to determining the affinities of these rocks, and comparing them with better-known suites described from the Parkes -Forbes -Cowal region .
Apart from one shoshonitic andesite dyke in drillhole NACD105 that has petrographical and geochemical characteristics of the shoshonitic Phase 4 Late Ordovician Goonumbla and Wombin Volcanics suite (including common apatite microphenocrysts) , the remainder of the lavas and dykes from the Narromine Igneous Complex are more confidently correlated with the Phase 1 Early Ordovician Nelungaloo Volcanics and correlative lavas in the Cowal Igneous Complex further south (Figure 1 ). This is consistent with new SHRIMP dates of ca 465 Ma (Middle Ordovician) for monzodiorites intruding the volcanicvolcaniclastic package in the Narromine Igneous Complex (see below). A trachyandesite clast from drillhole NACD20, and two probable dykes from NACD28 and NACD96, show strong compositional affinities with the trachyte -trachyandesite suites from the main Cowal mine development at E42 (Golden Lava Unit) and from a drill prospect in the south-central part of the block at E43 (Glen et al. 2007b) . This is true for both diagnostic trace-element ratios and REE patterns (Figure 4a ).
Intrusive rocks
Two petrographically and geochemically distinct intrusive suites are present in the Narromine Igneous Complex. One suite, dominated by monzodiorite, but also including monzogabbros and monzonites, is far more abundant in drillcore. A second suite, composed mainly of rocks varying texturally from porphyritic dacite to holocrystalline granodiorite, occurs as sheetlike sills and dykes intruding the monzodiorite suite rocks, and also as a small pluton (*2 6 1 km) in the central part of the complex.
MONZOGABBRO -MONZODIORITE -MONZONITE SUITE
Abundant medium-to coarse-grained intrusive rocks in the Narromine Igneous Complex range from olivinebearing monzogabbros, through monzodiorites to subordinate monzonites (the latter present in drillholes NACD2, 77, 81, 85, 87 and 89) . All these intrusive rocks show strong mineralogical and textural variation, even over several metres length of drillcore.
The monzogabbros contain occasional altered olivine in drillholes NACD90/136.8 m and 183.9 m, and NACD131/71.8 m, but are dominated by the assemblage Ca-plagioclase -augite -FeTioxides -apatite + hornblende + sphene, common interstitial primary brown biotite, and K-feldspar rimming plagioclase. Many show cumulate textures. Primary magmatic hornblende varies from abundant (drillholes NACD118/ 55.8 m, NACD123/67.1 m, NACD122/65.8 m, NACD125/ 64.1 m) to minor, and both hornblende and biotite are often replaced by chlorite and epidote, or actinolite in higher-grade rocks. Stout apatite crystals up to almost 1 mm long are common in the monzogabbros, and attest to the early crystallisation of apatite and the shoshonitic nature of the parental magmas to these rocks. With advancing fractionation through monzodioritic to monzonitic compositions, apatite generally decreases in abundance and occurs as more elongate, narrower crystals. Myrmekitic intergrowths are present as interstitial late crystallising material in some monzogabbros (e.g. drillhole NACD131/71.8 m), and interstitial primary quartz becomes an accessory phase in some monzodioritic rocks, although it is rare or absent in the monzonites.
INTRUSIVE DACITE -GRANODIORITE SUITE
A distinctive suite of shallow intrusive porphyritic dacite dykes intrudes the western part of the Narromine Igneous Complex. Intrusive dacites are well represented in drillholes NACD83 (115 -150 m), and also occur in NACD82, 87, 89 and 91; in all instances, they intrude quartz-poor monzonitic to monzodioritic host rocks. A single, probably related but intensely silica -sericitepyrite-altered dacite (not analysed) was encountered in drillhole NACD98 in the eastern part of the intrusive complex, immediately against the eastern boundary fault of the Narromine Igneous Complex. The leastaltered dacite sample, from drillhole NACD83/116.6 m, is representative of the suite and is a plagioclase þ quartz þ hornblende þ K-feldspar þ FeTioxide þ apatitephyric dacite with fresh hornblende and plagioclase phenocrysts, and rounded and resorbed quartz phenocrysts in a fine-grained quartzo-feldspathic groundmass. Hornblende phenocrysts are often replaced by chlorite. Granodiorite occurs mainly in the central western part of Narromine Igneous Complex, as an interpreted *3.5 6 1 km pluton (Figure 3 ). Granodioritic rocks compositionally identical to the dacite porphyries (see below) consist of blocky abitised plagioclase phenocrysts and occasional smaller hornblende and quartz phenocrysts, set in a groundmass of quartz, albite, K-feldspar and chlorite. The dacites are important, since they are associated with the limited chalcopyritepyrite mineralisation, and bear striking petrographic resemblance to host-rocks of the Copper Hill and Cargo mineralisation in the Molong Volcanic Belt. Tourmaline alteration has been noted in drillhole NACD11, associated with sericite -pyrite -carbonate alteration.
Geochronology of Narromine Igneous Complex intrusive rocks
The ages of five samples of Narromine Igneous Complex intrusive rocks have been determined using SHRIMP U -Pb dating of zircons: details of the dating methodology, using the AS3 and SL13 reference zircon standards, are given in Lickfold et al. (2007) . Three dated samples are from the monzogabbromonzodiorite -monzonite (MMMz) suite, and two are from the intrusive dacite -granodiorite suite, including one dacite and one granodiorite. Of the former, a hornblende monzodiorite from drillhole NACD125 yielded an age of 461.4 + 2.6 Ma, a monzonite from drillhole NACD2 yielded an age of 463.3 + 3.7 Ma, and a monzodiorite from drillhole NACD137 yielded an age of 458.5 + 4.9 Ma (Table 2; Figure 5a Two samples of the intrusive dacite -granodiorite suite from the Narromine Igneous Complex were also dated: a dacite from drillhole NACD83 and a granodiorite from NACD 86. These show almost identical complex age spectra for the analysed grains (Figure 5d , e). Numerous grains have obvious rounded cores interpreted to be inherited zircons. These cores yielded dates of 467.3 + 4.8 Ma in the dacite and 470.6 + 5.5 Ma in the granodiorite, only very slightly older than (and within error of) the dates determined for the Narromine Igneous Complex MMMz suite rocks. However, all zircons studied in both the dacite and the granodiorite have well-developed euhedral outer zones that record ages of 440.9 + 4.5 Ma in the dacite and 449.4 + 3.9 Ma in the granodiorite ( 
Geochemistry of Narromine Igneous Complex intrusive rocks
Representative whole-rock major-and trace-element analyses of 29 least-altered intrusive rocks (excluding narrow dykes) from the Narromine Igneous Complex (seven from the Copper Hill Suite) are given in Table 3 (see Appendix 1 for details of rock types analysed): analytical methods are given in Squire and Crawford (2007) . Samples were chosen to cover the geographic and petrographic-compositional range represented among the 125 rocks examined in thin-section.
HOLOCRYSTALLINE MONZOGABBRO -MONZODIORITE -MONZONITE SUITE
The Narromine Igneous Complex holocrystalline intrusive rocks of the MMMz suite define coherent fractionation trends ( Figure 6 ) from relatively low-Mg monzogabbroic rocks to monzodioritic and monzonitic compositions with *54 -62% SiO 2 ; a single quartz monzonite has 66% SiO 2 . The monzogabbros have compositions that trend to lower SiO 2 , Fe 2 O 3 and TiO 2 ( Figure 6 ) than other rocks in the suite that lack cumulate textures, reflecting accumulation of plagioclase þ clinopyroxene þ hornblende + apatite. High P 2 O 5 contents in monzogabbros (Table 3) indicate early apatite fractionation, a characteristic of high-K calc-alkaline and shoshonitic lavas. The MMMz suite rocks show mainly high-K calc-alkaline affinities (Figure 6 ), definitively so for the least-altered rocks; the two monzogabbroic rocks that plot in the low-K field are the most plagioclase þ clinopyroxenerich, hornblende-poor cumulates and are not liquid compositions.
REE patterns for three samples from across the fractionation range of the MMMz suite are shown in Figure 7a . The pattern for a cumulate-textured monzogabbro from drillhole NACD82 reflects the accumulation of plagioclase, clinopyroxene, amphibole and apatite (note positive Eu anomaly), whereas the other two patterns are for rocks that are petrographically more appropriate for near-liquid compositions. Fractionation from monzogabbro with 54% SiO 2 and 3.9% MgO to one with 60% SiO 2 and 2.3% MgO produced a decrease in total REE abundances ( Figure 7a) , with a steeper drop in MREE than HREE, a feature usually attributable to plagioclase -hornblende -apatite fractionation, and in keeping with the observed phenocryst assemblages. N-MORB normalised multi-element patterns are typical of high-K calc-alkaline and shoshonitic lavas in modern western Pacific arc systems (Figure 7c 
COPPER HILL SUITE INTRUSIVE DACITES AND GRANODIORITES
Despite strikingly different textures and grainsize, the porphyritic dacite dykes are compositionally identical to the granodioritic rocks in the western part of the Narromine Igneous Complex, with a relatively restricted SiO 2 range, and together they define coherent and restricted compositional fields on plots against SiO 2 (Figure 6 ). The dacite -granodiorite compositional fields for many elements and element ratios are clearly separate from those for the MMMz trends. This is especially evident for the K 2 O, TiO 2 , Zr, Y, Nb and Cr vs SiO 2 plots (K 2 O, TiO 2 , Cr and Zr shown in Figure 6 ), where the more evolved rocks have consistently lower K 2 O, Zr and Nb contents, and notably higher Cr contents than the monzodiorites. No reasonable fractionation scheme can drive the MMMz monzodiorites towards the compositional fields defined by the Copper Hill Suite dacite -granodiorite rocks. Note that a single member of the MMMz suite has 66.7% SiO 2 , like the less-evolved dacites, but that this sample has Zr, Y and Nb contents more than twice as high as the intrusive dacite -granodiorite suite rocks at the same SiO 2 level. As indicated by U -Pb SHRIMP zircon dating, the medium-K calc-alkaline Copper Hill Suite dacite -granodiorite intrusions post-date the high-K calc-alkaline to shoshonitic MMMz suite by 15 -20 million years. Table 2 
assemblages intersected during drilling of the Narromine Igneous Complex are only weakly developed, indicating low fluid fluxes and limited mineral potential. Magnetite-destructive alteration zones appear not to be prospective for copper -gold mineralisation, based on the material intersected to date.
COWAL AND FAIRHOLME IGNEOUS COMPLEXES
South of Forbes, the Junee -Narromine Volcanic Belt is defined by a number of unexposed but aeromagnetically defined bodies, including the Cowal Igneous (Figure 8) , and a few diamond drillholes in the northern part (LCD12, LCD13) provided further material for study. E42 is in development to be a significant gold mine with an estimated resource of 63.6 Mt @ 1.22 g/t (Figure 8 ), has been the subject of ongoing exploration, and Newcrest also carried out drilling at several prospects in the Fairholme Igneous Complex.
Cowal Igneous Complex
Due to complete burial by much younger cover, including the Quaternary sediments of Lake Cowal, the only part of the Cowal Igneous Complex in which a lithostratigraphy (albeit of limited extent and thickness) has been determined is around E42 (the Cowal gold deposit), where a sequence of trachytic lavas and volcaniclastics has been recognised (Miles & Brooker 1998). These rocks, including the main volcanic unit, the Golden Lava, have been intruded by a major dioritic intrusion, the Muddy Lake Gabbro, for which available radiometric dates suggest a Middle Ordovician age (465 -456 Ma: see below). Interpretation of aeromagnetic data (Figure 1 ) by exploration groups, groundtruthed by aircore sampling, suggests that much of the southern Cowal Igneous Complex may be made up of Ordovician intrusive rocks, with at least one high-level granodioritic intrusion known from drillholes LCD12 and 13 in the northern part of the complex. Eastonian limestone is known from the Marsden area, but its relationships with the adjacent rocks remain unknown (Percival & Glen 2007) .
VOLCANIC AND VOLCANICLASTIC ROCKS
Away from E42, lavas are poorly represented in the Cowal Igneous Complex. Two analyses of lavas, one andesitic, the other basaltic, from E46 (Figure 8 ), were reported by Bastrakov (1998). Lavas are also present in drillholes around E43, most being of trachyandesite to trachyte compositions with phenocrysts of plagioclase, augite, FeTi oxides and apatite microphenocrysts. Formerly glassy textures are common. Four lavas from the E43 prospect west of Marsden have been analysed (Table 4 : see Appendix 1 for details of rock types analysed), and these range from 55 to 67% SiO 2 . Lavas are well represented from the E42 area drilling, with nine samples of the Golden Lava trachyandesites -trachytes chosen for whole-rock analysis (Table 4) . These lavas are all formerly glassy, often spherulitic or banded felsic lavas with sparse plagioclase phenocrysts, rare chloritised mafic phenocrysts, and common apatite microphenocrysts. They are best classified as trachyandesites to trachytes, with 61 -67% SiO 2 , a range probably exaggerated by SiO 2 mobility during alteration. The single more mafic rock from E42 classified petrographically as a lava (E42H361-340.6) is a plagioclaseþaugite-phyric trachyandesite with 52% SiO 2 and 5.5% MgO, and a REE pattern (Figure 4b ) perfectly parallel to those for the felsic lavas, suggesting that is a more mafic comagmatic representative of the same suite (see below).
Geochemical affinities of the Phase 1 Golden Lava trachytes and trachyandesites and associated feeder dykes from E42 have been described in Glen et al. (2007a) . At 62 -65% SiO 2 , best-preserved lavas have 3.5 -4.5% K 2 O and 0.40 -0.45% P 2 O 5 , falling in the high-K calc-alkaline series close to the border with shoshonitic lavas (Figure 6d ). The E42 lavas were therefore considered to be more fractionated variants of the same broad high-K calc-alkaline magma type as the Phase 1 Nelungaloo Volcanics west of Parkes, some 50 km northeast of Cowal.
Only four lavas are recorded by drilling at E43 and E46, and these vary from trachyandesitic to trachytic compositions. An REE pattern (Figure 4b ) for an E43 andesite shows a typical flat-topped Nelungaloo-type pattern, and exactly parallels at expected lower levels the E42 Golden Lava REE patterns. On this basis, the E43 andesites are considered to be part of the same Nelungaloo-type Phase 1 magmatic episode as the E42 trachyandesites. The E43 dacitic/trachytic lavas with 66 -67% SiO 2 are probably even more evolved counterparts of the same suite, although no REE data are available to confirm this broad correlation.
Two trachytes (one a formerly glassy lava, the other a feeder dyke to the lavas) from E42, and a trachyandesite lava from E43 have been analysed for the Nd isotopic ratios . Initial e Nd values for these three samples, all calculated at 475 Ma, are þ7.8 and þ7.9 for the E42 rocks, and þ8.1 for the E43 lava. These values 
INTRUSIVE ROCKS
The holocrystalline intrusive rocks in the Cowal Igneous Complex show great petrographic and geochemical variation, ranging from mafic gabbros with 10 -12% MgO from the Marsden drillholes, to high-level granophyric felsic intrusive rocks (granodiorites herein) with 67 -76% SiO 2 from several localities. Relatively coarsegrained hornblende gabbros are well represented at Marsden, and cumulate wehrlite (olivineþclinopyro-xene) and quite mafic olivine gabbro were drilled at E41. Gabbros and hornblende gabbros grade through mafic diorites to hornblende and quartz diorites or monzodiorites, with common brown to straw magmatic hornblende, not uncommon brownish biotite, and common quartz. Coarse primary sphene is present in a granodiorite from aircore hole 1504/63. Quenched marginal phases of granodioritic composition rocks contain quartz and plagioclase phenocrysts, with subordinate hornblende, and are well represented in drillholes E39/H1 and E39H3, LCD7 around 150 m, and 1504/62. K-feldspar is subordinate to plagioclase in most rocks, but occasional rocks trending to monzonitic compositions are present, and these contain both plagioclase and K-feldspar phenocrysts (e.g. in drillholes 1504/ 17, 1504/43, E35H1 at 9 m, E43/5 at 297 m). Apatite is most abundant in the mafic and dioritic compositions, occurring as stout prisms, whereas in felsic intrusive rocks it is usually elongate to acicular. Well-formed zircons are not uncommon in the intermediate and felsic intrusive rocks. The most distinctive difference to the MMMz suite intrusive rocks in the Narromine Igneous Complex is the relative abundance of quartz in dioritic and more evolved rocks in the Cowal Igneous Complex.
Our geochronological and geochemical study indicates that at least two major suites of intrusive rocks are represented in the Cowal Igneous Complex, and these are very close in age and composition to those described above from the Narromine Igneous Complex. The most significant difference based on available data is that the Copper Hill Suite representatives in the Cowal Igneous Complex extend to more mafic compositions than the dacites and granodiorites in the Narromine Igneous Complex.
Drilling intersected numerous mafic dykes in the Cowal Igneous Complex, most of which transect coarser grained intrusive rocks. The dykes range from distinctive coarsely plagioclase-phyric basalts with abundant sericitised centimetre-long plagioclase phenocrysts common in E42, to aphyric basaltic to microdoleritic rocks. Clinopyroxene-phyric and aphyric basalts are present in most E43 drillholes and post-date the 447 Ma host granodiorite, suggesting correlation with Phase 4 magmatism. At Marsden, both low greenschist facies aphyric basaltic and doleritic dykes occur, as well as much fresher Ti-augite-bearing transitional alkaline dolerite dykes similar to those noted elsewhere in the Macquarie Arc and interpreted as possibly Silurian in age ).
GEOCHRONOLOGY OF COWAL IGNEOUS COMPLEX INTRUSIVE ROCKS
Using K -Ar methods, Perkins et al. (1995) constrained the time of intrusion of the Muddy Lake Gabbro to between 465 and 456 Ma, and showed that mineralisation-related alteration was significantly younger, around 439 Ma. Magmatic hornblende from a granodiorite at E39 was also dated by the same technique and gave an age of 465.7 + 1 Ma (Perkins et al. 1995) , although SHRIMP U -Pb zircon dating for the same sample yielded an age of 450.9 + 4.5 Ma (Bastrakov 1998). The latter author also recorded an 40 Ar age of 466.8 + 1.5 Ma on E42 diorite magmatic hornblende from drillhole 1504/13, yet a SHRIMP U -Pb zircon age from the same sample yielded an age of 455.9 + 5.6 Ma (no information was provided on the number of grains analysed to reach the age given). This discrepancy between the Ar -Ar ages and the SHRIMP zircon U -Pb ages remains unexplained.
Although more geochronological studies of carefully constrained samples are clearly warranted for the Cowal Igneous Complex, the age range for the intrusive rocks matches very well similar MMMz suite intrusive rocks in the Narromine Igneous Complex, and argues for a major regional pulse of mainly high-K magmatism in the Darriwilian (Middle Ordovician). The age of mineralisation at Cowal is remarkably close to that at Northparkes and Cadia (mainly 440 -435 Ma: Bastrakov 1998; Lickfold et al. 2003 Lickfold et al. , 2007 Forster et al. 2004; Crawford et al. 2007 ) for a zero porphyry trachyte dyke that transects mineralisation at E37 in the Northparkes leases). This may imply that the structurally controlled vein-type mineralisation at Cowal E42 is linked to undiscovered ca 440 Ma monzonite-type intrusive rocks such as those demonstrably related to the porphyrystyle mineralisation at Northparkes and Cadia, or that deformation at this time as part of the Benambran Orogeny created the veins.
We have used laser ablation ICP-MS U -Pb dating of zircons to date a granodiorite from E43 H4 at 159.8 m at 447 + 11 Ma (Table 5; Figure 9 ). Details of the dating technique are given in Meffre et al. (2007) 
GEOCHEMISTRY OF COWAL IGNEOUS COMPLEX INTRUSIVE ROCKS
Holocrystalline intrusive rocks from the Cowal Igneous Complex have been geographically grouped into four suites for the purposes of geochemical assessment and presentation. These groups, with reference to the locality map (Figure 8) , are: (i) North Cowal Intrusives, all high-level intrusive K-feldspar þ quartz-phyric monzogranites with distinctive, almost aplitic textures, and all come from drillhole LCD 12 and adjacent areas, indicating the presence of a distinctive, evolved monzogranite intrusive unit in this area; (ii) Marsden area intrusives comprising rocks from the eastern and southeastern side of the Cowal Igneous Complex, including Newcrest's Marsden prospect, and North's E43 prospect; (iii) a large granodiorite intrusion widespread in drilling around the E39 prospect area, south of E42 gold development; and (iv) intrusives in the E41 and E42 prospect areas that include a range of gabbroic to granodioritic and monzonitic rocks from the western side of the Cowal Igneous Complex and are best represented by samples of Muddy Lake Gabbro at E42.
Samples were carefully selected petrographically to avoid alteration, and are among the freshest rocks analysed from the Macquarie Arc. Geochemical data (representative analyses in Table 4 ) are compared in Figure 10 with data for the Copper Hill Suite intrusives regionally, for the Phase 4 shoshonitic Cadia and Northparkes intrusives suites, and for the Phase 2 Narromine Igneous Complex MMMz suite. Representative chondrite-normalised REE patterns are given in Figure 11 .
North Cowal intrusives
The North Cowal intrusives form a separate compositional grouping from the other Cowal intrusive suites. These rocks are monzogranites with around 70% SiO 2 , and *6% each of K 2 O and Na 2 O, and very low TiO 2 , MgO and Fe 2 O 3 ; Zr levels of only 40 -110 ppm imply significant prior extraction of Zr from these magmas. No age data are available from these rocks, but the shoshonitic geochemistry and compositional fields on the plots in Figure 10 suggest that they may correlate with highlevel Goonumbla -Wombin -Northparkes shoshonitic intrusions, especially those high-SiO 2 intrusions around the Northparkes copper -gold field itself . No REE data are available for these rocks.
Marsden area and E43 intrusives
Analysed Marsden rocks include monzogabbros, monzodiorites, two quartz monzonites and a monzonite (Table 4) . Data plotted on Figure 10 , supported by the REE patterns (Figure 11b ) for a diorite and a hornblende diorite from Marsden, suggest that most Marsden intrusives are broadly comparable with those from E42 and the Narromine Igneous Complex MMMz. The Marsden rocks we correlate with the regional Copper Hill Suite extend to lower SiO 2 compositions than those represented in the Narromine Igneous Complex. However, as for the E42 Muddy Lake Gabbro, data in Figure  10 suggest that some of the more evolved quartz diorite/quartz monzonites may be better correlated with the Copper Hill Suite. Further geochronological and geochemical studies of the Marsden rocks are required to elucidate the compositional groups and relationships represented among the intrusive rocks in this area. However, the E43 diorites have quite flat HREE patterns at significantly higher REE levels than the Copper Hill Suite rocks at similar SiO 2 levels, suggesting that they may represent a quite distinct Eastonian medium-K intrusive suite in the Macquarie Arc.
E41 and E42 areas
E41 samples examined include the most mafic rocks recognised in the Cowal Igneous Complex, these being cumulate wehrlitic (olivine -pyroxene) rocks and olivine-bearing gabbros; three monzodioritic intrusive rocks were also analysed from E41. E42 rocks analysed include mafic diorites transitional to leucogabbro compositions, and several dioritic rocks with *61 -63% SiO 2 . Variation diagrams and discrimination plots (Figure 10) show that the more mafic E42 rocks have high-K calc-alkaline to shoshonitic affinities, but since age relationships preclude their correlation with Phase 4 intrusions, our preferred correlation is with the Middle Ordovician Phase 2 Narromine Igneous Complex MMMz suite, and we suggest that an age around 470 -465 Ma is likely. Note, however, that several of the monzodiorites analysed from E42 plot within or close to the field for the Copper Hill Suite, implying that more than one intrusion may be present at E42. Further REE data are required to better constrain these relationships. 
Fairholme Igneous Complex

OCCURRENCE AND PETROGRAPHY
Presumed Ordovician volcanic rocks occur over Newcrest's former Fairholme leases, extending entirely in the subsurface northwest from the north -south trending Boobaroi Shear Zone (Figure 8 ). Newcrest has carried out regional shallow aircore drilling, and more restricted diamond core drilling of three exploration targets named Dungarvan, Boundary and Gateway, but no geological map of the Fairholme Igneous Complex has been compiled. Most material recovered during Newcrest's extensive aircore program over the Fairholme licence was too weathered for further study, but augite-phyric basaltic lavas were identified from drillholes ACNC162 (1 km north-northeast of Boundary) and ACNC141 (just northeast of Dungarvan). These, and the pillowed and brecciated lavas from Boundary (see below), suggest that the regional Ordovician basement here is dominated by basaltic lavas. The Boundary prospect was the focus of about 10 diamond drillholes in which fresh rock was encountered mainly 80 -90 m downhole. Our logging focussed on drillholes DR39, DR41 and DR42, and showed moderately altered olivine þ clinopyroxene-phyric pillow basalts and basaltic breccias. These have been intruded by two distinctly different dyke suites, a transitional alkaline dolerite suite with a maximum dyke thickness of *20 m, and a suite of massive porphyritic, mainly fine-grained monzodiorites 51 m to 430 m thick. The latter show significant petrographic variation, extending from microgabbro to almost granodiorite compositions. Most are prominently plagioclase þ hornblende-phyric, with subordinate augite sometimes preserved, and ubiquitous small FeTi oxides. Dark transitional alkaline dolerites cut the other rock types, show distinctive pink Ti-augite and are less altered than the other Boundary rocks; they match petrographically similar dykes in the Cowal Igneous Complex, and we suggest that they may be associated with mid-Palaeozoic extensional magmatism in this region.
Dungarvan prospect includes *12 diamond drillholes drilled into a northwest -southeast-oriented ovoid dioritic intrusion *3 6 1 km in area. Rocks sampled from holes DR1 and DR38 varied from rather mafic diorites or leucogabbros to very well-preserved cumulate hornblende gabbros. At the third Fairholme prospect, Gateway, drillholes intersected a package of almost mylonitic quartz þ sericite þ chlorite þ pyrite schists with poor or no textural preservation. Bestpreserved samples retain textural evidence that they were originally porphyritic lavas with former phenocrysts of plagioclase and clinopyroxene.
GEOCHEMISTRY Lavas
Four analysed pillow lavas and lava breccias from the Boundary prospect (two representative analyses in 
Intrusive rocks
Fairholme intrusives show strong compositional overlap with the shoshonitic Goonumbla -Wombin -Northparkes suite, the only notable difference being that the latter have slightly higher Zr/Nb (*15) than the Fairholme rocks (*10), reflecting very slightly higher Nb in the Fairholme suite. REE patterns for the Dungarvan and Boundary intrusives (Figure 11c) show a strong overlap with the field for Goonumbla -Wombin lavas, lacking the flattening off of the patterns between La and Nd that characterises the Boundary basaltic lavas and Nelungaloo-type patterns . A hornblendephyric microdiorite (intrusive latite) dyke from DR34 at Boundary has provided an age-corrected initial e Nd value of þ4.74 (Glen et al. 2007a ). This value is considerably lower than values for the Cowal Igneous Complex Early Ordovician lavas and Middle Ordovician intrusives, and is within the range of values for the Phase 4 GoonumblaWombin suite shoshonitic magmatism.
In summary, the intrusive rocks at Boundary in particular, but also the Dungarvan diorite, are compositionally shoshonitic, with strong similarities to the Goonumbla and Wombin Volcanics -Northparkes Igneous Complex suites. Given that the Boundary monzodiorites are high-level intrusives into Nelungaloo- type basaltic lavas, it is difficult to ignore the temporal lithogeochemical pattern similarity to the Parkes region Ordovician suites. On this basis, a Late Ordovician age might be predicted for the Boundary -Dungarvan intrusives.
DISCUSSION
Origin and significance of the Copper Hill Suite
Our studies of the distribution, timing and compositional affinities of magmatic rocks in the Macquarie Arc have shown that a widespread but relatively smallvolume magmatic event, which we refer to as the Copper Hill Suite, was emplaced at ca 455 -445 Ma, broadly corresponding with the Eastonian interval of limestone deposition and regional uplift . Although most voluminous in the Junee -Narromine Volcanic Belt, especially in the Cowal Igneous Complex, high-level intrusive dacites and associated dioritic to granodioritic rocks are known from the Molong Volcanic Belt from the type locality at Copper Hill (Blevin 2002) Data presented by Blevin (2002) and demonstrate that the Copper Hill Suite has medium-K calc-alkaline affinities, with compositions extending from cumulate hornblende gabbros to granodiorite, although the average composition is probably dioritic. The abundance of hornblende in the cumulate mafic rocks suggests that they probably crystallised from andesitic rather than basaltic magmas.
The compositional range and timing of emplacement of the Copper Hill Suite deserve comment. Evidence from around Molong, and the northern end of the Cargo Block, suggests that emplacement of the stocks of porphyritic dacite and associated more holocrystalline rocks in these areas accompanied significant uplift, with widespread limestone deposition. Similarly, Copper Hill Suite rocks in the Narromine Igneous Complex show a striking textural difference between the typically mediumgrained granodioritic holocrystalline intrusives, and the porphyritic dacites with very fine-grained groundmasses. From drilling, the granodiorite in the western part of the intrusive complex is at least several square kilometres in area, and in NACD8, the granodiorite occurs as a sheet at least 20 m thick with relatively coarse-grained holocrystalline margins. In contrast, in NACD83, dacite dykes compositionally identical to the granodiorite are at least 10 m thick with no textural transition from finer grained at the margins to more holocrystalline textures in the central parts of the dyke. The groundmass grainsize of the dacites indicates that these were emplaced at significantly shallower levels than the holocrystalline granodiorites, despite the almost identical geochemical compositions of these rocks. Emplacement during a period of active tectonism and uplift is indicated, and is supported by the absence of extrusive correlates of these rocks, which, if they did exist, were apparently removed by erosion before termination of Macquarie Arc magmatism.
Prior to intrusion of the Copper Hill Suite, Phase 2 magmatism in the Macquarie Arc involved a temporal transition 
CONCLUSIONS
More studies (particularly geochronological) are required to elucidate the time -space relationships of the Macquarie Arc rocks in the unexposed Narromine, Cowal and Fairholme Igneous Complexes. However, our data, considered within the temporal magmatic framework established for the region , allow us to draw several important conclusions from this study.
(1) Basaltic to andesitic and trachyandesitic lavas compositionally comparable with the Phase 1 Early Ordovician Nelungaloo Volcanics are present in the Cowal, Fairholme and Narromine Igneous Complexes, and show high-K calc-alkaline compositions with depleted mantle-like e Nd values indicating no interaction of their parental magmas with continental-type crust. By implication, they probably formed in an Early Ordovician intra-oceanic arc.
(2) This volcanic and volcaniclastic basement succession was intruded by large stocks of monzogabbromonzodiorite -monzonite in the Middle Ordovician (ca 465 -460 Ma) that represent Macquarie Arc Phase 2 magmatism.
(3) Stocks and small intrusions representative of the Phase 3 Copper Hill Suite, ranging from hornblende gabbro to granodioritic compositions with medium-K calc-alkaline affinities, and varying texturally from relatively coarse-grained holocrystalline to porphyries with fine-grained groundmasses, were emplaced synchronously with regional-scale uplift between ca 455 and 441 Ma, mainly in the Bolindian -late Eastonian.
(4) In both the Fairholme Igneous Complex and the northern end of the Cowal Igneous Complex, small mainly felsic intrusions with shoshonitic affinities are interpreted to be correlates of the mainly post-Eastonian Phase 4 felsic intrusions that host porphyry Cu -Au mineralisation at Northparkes and Cadia.
